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ABSTRACT
The lengths of the dinucleotide (TG) m and mononucleotide T n repeats, both located at the intron 8/exon 9 splice acceptor site of the cystic fibrosis transmembrane conductance regulator (CFTR) gene whose mutations cause cystic fibrosis (CF)
to TG 12 in the presence of T 5 , T 7 , and T 9 alleles, and also fully assesses the aplotypes. In addition, the repeats in the majority of these samples can be assessed by single-strand sequencing, with no need to sequence the other strand, thereby saving a considerable amount of time and effort.
INTRODUCTION
Cystic fibrosis (CF), the most common severe autosomal recessive disease in the Caucasian population, is caused by mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) gene (1, 21) . Since the genomic DNA sequence of the CFTR gene, with its exon-intron boundaries, was completed by Zielenski et al. (26) , the existence of some polymorphic sequences has been detected. Two of these are the dinucleotide (TG) m repeats and the adjacent polythymidine IVS8-T tract (T n ), both located at the end of intron 8, at the exon 9 splice acceptor site, with the (TG) m that precedes the T n . Chu and co-workers (5, 6) demonstrated that the shorter the T n tract, the higher the proportion of CFTR mRNA without exon 9 in the respiratory epithelium, and that the shortest T 5 allele is the main factor causing exon 9 skipping. Subsequent studies demonstrated that, in addition to the effect of the T n tract, exon 9 skipping is also influenced by the (TG) m repeat, which thus can explain the partial penetrance of the T 5 allele as a disease mutation (8, 19) . In particular, the longer the (TG) m is, the higher the proportion of exon 9 defective CFTR mRNA. This mRNA encodes a nonfunctional protein (5, 23) and is associated with variable clinical manifestations in CF (2, 4, 7, 8, 12) . Growing interest in the involvement of these repeats in the production of variable CF phenotypes has led to the development of several assessment methods, most of which are, however, cumbersome, multi-step, and time consuming.
Before the increased interest in the (TG) m , several methods that were specific for the analysis of the T n tract alone had been developed. They were usually based on a preliminary PCR amplification of exon 9 and its intronic boundaries and subsequent evaluation of the PCR product (see Discussion section). In addition to these widely used methods, a number of less common methods for the characterization (13) , or primer oligonucleotide base extension and mass spectrometry (3), have also been described. Some multi-step, sequencing-based methods that can potentially analyze both the (TG) m and T n sequences have also been proposed, though it is only more recently that some authors have focused on the simultaneous characterization of both repeats (see Discussion section).
The present work describes a rapid method for the simultaneous assessment of the length of both (TG) m and T n repeats, based on a nonradioactive cycle sequencing procedure. This method can be performed without DNA extraction, starting directly from blood or semen samples; the latter possibility may be of particular interest given the growing body of evidence suggesting a correlation between CFTR and reproductive disorders. This method allows the resolution of the sequences of interest with the determination of the length of the (TG) m and T n tracts of each allele, as well as the aplotype characterization. In most samples, these repeats can be assessed by single-strand sequencing, with no need to sequence the other strand, thereby saving a considerable amount of time and effort.
MATERIALS AND METHODS
We performed the analysis on blood or semen samples, both of which were subjected to DNA extraction or direct boiling. PCR amplification was achieved using three different Taq DNA polymerases, namely AmpliTaq Gold ® (Applied Biosystems, Foster City, CA, USA), Super Taq (HT Biotechnology Ltd., Cambridge, UK), and Taq DNA polymerase (Stratagene GmbH, Heidelburg, Germany), which showed comparable performances.
Sample Collection
Blood samples were collected as 2-mL aliquots in the presence of 35 µL EDTA (from a stock solution at a 100 mg/mL concentration). The spermatozoa concentration in the semen samples was assessed by the superimposed imaging analysis system (SIAS) (17, 18) . The semen was washed twice in Tyrode's solution by centrifugation at 600× g for 10 min; spermatozoa were pelletted and resuspended in Tyrode's solution at a concentration of 20 million/mL. Both types of samples were freshly processed or frozen at -20°C until used.
Sample Preparation by DNA Extraction
The DNA extraction was performed on 2 mL of either a blood sample or resuspended spermatozoa (as described above) using the QIAamp ® DNA Blood Midi Kit (Qiagen S.p.A., Milan, Italy) according to the manufacturer's instructions. For semen processing, the quantity of Qiagen protease (stock solution 20 mg/mL) was raised from 200 µL (the quantity used for blood) to 400 µL. The subsequent amplification was performed on 50 ng DNA obtained from blood or semen.
Sample Preparation by Boiling
Peripheral blood (3 µL) or 10 µL resuspended spermatozoa (as described above) were added respectively to 34.5 or 38 µL of the buffer for EDTA Blood manufactured by Applied Biosystems (Cystic Fibrosis Sample Preparation Module). After treatment at 97°C for 40 min, each sample was centrifuged at 16 000× g for 10 min. The subsequent amplification was performed on 15 µL supernatant obtained from blood or semen.
Amplification Protocols
The following primers were used for the amplification of CFTR exon 9 and its intronic boundaries (GenBank ® accession no. M57509): CF9P1 5′-TG-AAAATATCTGACAAACTC-3′ (nucleotides 350-369; the CF9 primer of Reference 11) as the forward primer, and CF9M1 5′-CCTTCCAGCACTA-CAAACTA-3′ (nucleotides 665-684; the GCCF9 primer of Reference 11, without the GC tail) as the reverse primer. PCR was performed in a total volume of 50 µL containing 20 pmol each primer, 175 µM dNTPs, and the sample volume described above. After an initial 5-min denaturation at 95°C, the appropriate number of cycles (indicated below for each protocol) of 1 min at 95°C, 1 min at 55°C, and 2 min at 68°C, followed by a final extension of 10 min at 68°C, were performed using a GeneAmp ® PCR System 9600(Perkin Elmer, Gaithersburg, MD, USA).
The following DNA polymerase-dependent protocols were used: ( i ) for Super Taq, 35 cycles for the DNA samples and 40 cycles for the boiled samples, in the presence of 10 mM Tris-HCl, pH 9.0, 50 mM KCl, 1.5 mM MgCl 2 , 0.1% Triton ® X-100, 0.01% (w/v) gelatin, and 1 U Super Taq DNA polymerase; ( ii) for AmpliTaq Gold, 40 cycles for the DNA samples and 45 cycles for the boiled samples, in the presence of 10 mM Tris-HCl, pH 8.3, 50 mM KCl, 1.5 mM MgCl 2 , 0.001% (w/v) gelatin, and 1 U AmpliTaq Gold DNA polymerase; and ( iii ) for Stratagene TaqDNA polymerase, 35 cycles for the DNA samples and 40 cycles for the boiled samples, in the presence of 10 mM Tris-HCl, pH 8.8, 50 mM KCl, 1.5 mM MgCl 2 , 0.001% (w/v) gelatin, and 1 U Taq DNA polymerase.
Aliquots (5 µ L) of the PCR products were examined by electrophoresis in 1.5% agarose gels. Each of these protocols yielded a fragment of about 335 bp.
Sequencing Protocols
PCR products were purified by Centricon-100 ™columns (Applied Biosystems). For the subsequent sequencing step, 25 ng PCR-amplified DNA, as measured by gel electrophoresis and comparison with a known amount of molecular weight marker, were used in a final total volume of 20 µ L. Two sequencing procedures were used, with comparable results, both based on a dichlororhodamine cycle sequencing method (either dRhodamine Terminator Cycle Sequencing Kit or BigDye ® Terminator Cycle Sequencing Ready Reaction Kit; Applied Biosytems), with dye-labeled ddNTPs as terminators and with AmpliTaq DNA polymerase FS, according to the manufacturer's instructions. The sequencing primers used were the CF9P1 for forward sequencing, and either the CF9M1 (also used for PCR amplification) or the internal IVS8TM1 primer 5 ′ -GTTTT -GTTTTGCTTTCTC-3 ′ (nucleotides 439-456; the IVS8TR primer of Reference 25) for reverse sequencing. Twenty-five cycles of 10 s at 96°C, 5 s at 50°C, and 4 min at 60°C were performed. After the sequencing step was completed, the excess dye terminators were removed by Centri-Sep ™ spin columns (Princeton Separations, Adelphia, NJ, USA) according to the manufacturer's instructions. 
Capillary Electrophoresis
After using the BigDye method, 5 µ L of the 20 µ L of the sequencing reaction mixture were added to 20 µ L template suppression reagent (TSR; Applied Biosystems). After using the dRhodamine method, the entire volume of the sequencing reaction mixture was dried in a vacuum centrifuge, and the pellet was resuspended in 12 µ L TSR. A denaturation step at 95°C for 2 min was performed in both cases. Denatured samples were subjected to capillary electrophoresis and spectrofluorimetric analysis by the ABI P RISM ® 310 Genetic Analyzer (Applied Biosystems) according to the manufacturer's instructions.
Method Validation
The T n genotypes were confirmed by a commercial method (InnoLipa ™; Innogenetics, Ghent, Belgium) that uses a reverse hybridization principle (24) . The (TG) m T n aplotypes were confirmed by cloning (TA Cloning ® ; Invitrogen, Leek, The Netherlands) and sequencing (methods described above) of several individual plasmids, with each plasmid, obtained from the same PCR products subjected to direct sequencing and representative of only one allele.
RESULTS
Four representative sequences were chosen as examples. The results shown in Figure 1 , A and B, were obtained for a (TG) m and T n homozygous subject [genotype: (TG) 11 T 7 /(TG) 11 T 7 ]. The sequences of the two alleles in this sample are identical: the simplest electrophoretic, so-called in-frame, patterns are shown by both forward ( Figure 1A ) and reverse ( Figure 1B) primers. The results shown in Figure 1 , C and D, were obtained for a subject heterozygous for both the (TG) m and the T n [genotype: (TG) 10 T 9 /(TG) 12 T 5 ]. In this case, the sequences of the two alleles are different, and some double peaks in the electrophoretic patterns, which are limited to the (TG) m -T n zone and reveal a limited out-of-frame zone in the sequence, are shown. However, owing to the identical overall length of the (TG) m + T n tract in both alleles [first allele: (TG) 10 = 20 bases + T 9 = 9 bases, amounting to a total of 29 bases; second allele: (TG) 12 = 24 bases + T 5 = 5 bases, amounting to a total of 29 bases], after the out-of-frame zone, which is internal to the (TG) m -T n segment, the sequence returns to being in-frame, as shown by both the forward ( Figure 1C ) and reverse ( Figure 1D the sequences on the two alleles show differences that generate out-of-frame electrophoretic patterns even outside the (TG) m -T n zone. The first case ( Figure  2, A and B) is that of a subject with a homozygous (TG) m tract but a heterozygous T n tract [genotype: (TG) 11 T 5 / (TG) 11 T 7 ], which generate, both by forward and reverse sequencing, a first inframe segment followed by a second out-of-frame segment extending beyond from the (TG) m -T n zone. The results shown in Figure 2 , C and D, were obtained for a (TG) m heterozygous and T n heterozygous subject [genotype: (TG) 10 T 7 /(TG) 12 T 5 ]. In this sample, the repeats of the two alleles are different for both the (TG) m and the T n tracts; the sequencing generates complex electrophoretic out-of-frame patterns, both by the forward ( Figure 2C ) and reverse ( Figure 2D ) primers, as well as inside and outside the (TG) m -T n zone.
A total of 123 subjects (all from Central Italy) were analyzed. The method proposed in this study allows the complete characterization of all the (TG) m and T n length combinations found: (TG) 8 T 7 , (TG) 9 T 9 , (TG) 10 T 7 , (TG) 10 T 9 , (TG) 11 T 5 , (TG) 11 T 7 , (TG) 11 T 9 , (TG) 12 T 5 , and (TG) 12 T 7 . The method proved to possess excellent specificity, as can be inferred from the comparison with results obtained by the aforementioned validation procedure. This comparison was performed at least in triplicate for each T n genotype, with 23 total samples subjected to comparison by reverse hybridization. Aplotype confirmation was performed at least in triplicate, with clones for each aplotype taken from three different subjects with the same aplotype [except for (TG) 8 T 7 and (TG) 9 T 9 aplotypes, which were found only once], amounting to 54 sequenced clones (from 18 subjects × 2 alleles). These procedures revealed, in all the cases examined, a perfect match between the genotypes determined by the method proposed in this study and those determined by the validation methods, corresponding to a 100% specificity (in our study) of the method proposed.
The method proved, in addition, to possess a very high degree of sensitivity, as can be deduced from the limited quantity of the sample needed for the execution. Good results, using this method, were also obtained with less than 0.5 ng starting DNA and less than 1/500 of the quantity normally used of boiled sample, the latter corresponding to less than 20 cells.
DISCUSSION
The methods specific for the analysis of the T n tract alone were usually two-step methods based on a preliminary PCR amplification of exon 9 and its intronic boundaries, with specific primers located in introns flanking exon 9 (26) . The subsequent evaluation of the PCR product was performed by one of two methods: ( i ) allele-specific oligonucleotide (ASO) hybridization by oligonucleotidic probes that recognized the presence of 5, 7, or 9 thymidines and subsequent (in general radioactive) detection (14, 15) or ( ii ) a nested PCR performed using the forward nested primer with a TG repeat of some extent to the 5 ′ end and a T stretch to the 3 ′ end, corresponding to the first 5T of the T n tract, followed by Xmn I restriction and ethidium bromide visualization after nondenaturing polyacrylamide gel electrophoresis (4). Although the first PCR step also amplified the (TG) m repeat, the specificity of ASO in the former method and the peculiarity of the forward nested primer in the latter omitted the analysis of the adjacent (TG) m repeat. A variant method based on single-step non-nested PCR, with the forward primer showing a partial overlap with the (TG) m repeat and the first thymidine residues of the T n tract, was also used (25) . Another method (12) consisted of an allelespecific PCR assay performed with a common forward primer and three reverse primers, each specific for the T 5 , T 7 , or T 9 alleles. The amplification was followed by ethidium bromide visualization on 4% agarose gel, with the different alleles being distinguished by size. This method was also proposed in an enhanced version with three specific reverse primers, each labeled with a different fluorescent tag (22) . This method also allows, to some degree, the detection of the allelic variability in the (TG) m repeat.
When the importance of (TG) m emerged, there arose a need for methods able to analyze both the (TG) m and T n sequences. It is for this purpose that some sequencing-based methods have been proposed. These methods are, in general, multi-step procedures that require a preliminary amplification step, performed with a first primer pair surrounding the exon 9 and comprising part of the intronic regions; this preliminary step is followed by a nested PCR performed with a second primer pair, in which one of the primers is biotinylated for the recovery of ssDNA. This strand is subsequently sequenced either by radioactive-based sequencing using an additional internal primer (6) or by an internal FITC-labeled primer (9) . For the analysis of both (TG) m and T n , other authors (10) have performed heteroduplex analysis of symmetric PCR products, followed by selective strand amplification by asymmetric PCR (using only one primer) and subsequent radioactive sequencing. Some researchers (2, 20) have used a two-step procedure that involves the method of Chillon and co-workers (4) for the preliminary identification of the T n alleles and direct sequencing of a PCR product relative to the intron 8/exon 9 junction for the subsequent determination of the (TG) m length. In other methods (7, 20) , the DNA region containing exon 9 and adjacent intron sequences has been amplified by primers suitable for denaturing gradient gel electrophoresis (DGGE) analysis (11) ; in these studies, the (TG) m T n polymorphic tract produced several distinctly recognizable DGGE patterns, subsequently characterized by direct DNA sequencing.
The method proposed in this study specifically addresses the need for a rapid, simultaneous assessment of (TG) m and T n tract length. The results obtained show that the sequences of interest can be resolved, thereby offering the possibility of determining the (TG) m and T n tract length of each allele, and consequently of defining the aplotypes and complete genotype for all samples analyzed, ranging from (TG) 8 to (TG) 12 , along with the T 5 , T 7 , and T 9 alleles. The different combinations of (TG) m and T n and the repetition number on each allele yield sequences with different levels of interpretational difficulty. In particular, we classified two main types of sequences: ( i ) with no double peaks in the electropherograms (or with double peaks limited to a restricted electropherogram zone) -the so-called inframe sequences (Figure 1 ) -and ( ii ) with double peaks starting from an electropherogram point and extending downstream from that point -the socalled out-of-frame sequences ( Figure  2 ). The in-frame sequences were easier to interpret. The sequencing of a single strand can, as shown in both examples in Figure 1 , lead to an unequivocal result, with no need to sequence the other strand as well. The out-of-frame sequences yielded more complex electropherograms. In the example shown in Figure 2 , A and B, the sequence of the (TG) m and T n tracts of both alleles, with the corresponding aplotypes, can be determined by sequencing only one strand, though the sequence of the (TG) m is more easily assessed by forward sequencing ( Figure 2A) and that of the T n by reverse sequencing ( Figure 2B ). On the contrary, in the case of Figure 2 , C and D, the sequencing of both strands is required to establish the aplotype of both alleles and the complete genotype.
It is noteworthy that the height of the double peaks present in both the inframe and out-of-frame sequences is about half that of the peaks that represent only one base. This is an additional element that often helps in the interpretation of electropherograms. It should also be noted that a careful electropherogram analysis can reveal the correct sequence also in electropherograms with a low resolution (such as the sixth and eighth A bases (green) of the T n tract in Figure 1D and the sixth A base of the T n tract in Figure 2B ).
In the population analyzed in this study (Central Italy), it was possible to resolve over 70% of the genotypes by the sequencing of a single strand, with a consequent further savings of the effort normally required for aplotype and complete genotype determination. No ambiguities or discrepancies emerged in any of the cases sequenced, and the specific sequences were always clear (if necessary after the sequencing of both strands).
If compared with the existing methods used for the genotyping of these repeats, the main advantage of the method described in this study is the ease and rapidity of execution, which is due above all to the fact that it does not require DNA extraction and that it markedly reduces both the overall time and number of steps involved. Another notable advantage is that it is based on commercial sequencing methods, which are, as such, subjected to high standardization, optimization, and upgrading. In conclusion, this method is suited to the rapid management of a large number of samples and may help to clarify the role of (TG) m and T n repeats in the CF genotype-phenotype relationship.
